This report discusses the analysis performed and the modification recommended in response to MTD's request.
The M-11 Copper Crusher Gage is a device which measures peak pressure developed in the chamber of large caliber weapons. This gage is one of two models used by the U.S. Army in testing gun systems and is used for high pressure measurements between 150 and 550 MPa.
In the Third NATO Crusher Gage Comparison Trials held at Meppen, Federal Republic of Germany in October 1977, the M-11 Copper Crusher Gage did not meet the precision requirements set forth by NATO. The precision of the gage was deficient at pressures in excess of 350 MPa for test temperatures of -40°C, -lO^C, and 60®C (-40"F, -14"?, and 140°F) . Ambient temperature tests at Zl^C (70'F) yielded satisfactory results.
The objective of the effort discussed in this report is to determine through analysis the appropriate modification required to cause the M-11 Copper Crusher Gage to satisfactorily meet all of the NATO standards of precision for crusher gages and to extend the operating range to 827 MPa (120,000 psi). '
II. COPPER CRUSHER GAGE
A.
Construction and Assembly =
The M-11 Copper Crusher Gage is a totally self contained unit, which is basically cylindrical in shape with steel parts fabricated from 300 grade maraging steel. It measures 38 mm (1.50 in.) in length and 19 mm (0.75 in.) in diameter. The gage consists of a body, cap, and other inner working components as shown in Figure 1 . The end opposite the cap is bored axially and fitted with a piston. The dimensions of the piston and bore are such that a good seal is maintained yet low-friction operation is permitted. Inside, the piston rests gently against a copper sphere, the primary sensing element, which measures 4.75 mm (.1875 in.) in diameter. The sphere is supported on the opposite side by the anvil face of the cap. The sphere, resting between the piston and anvil, is centered by a triangular-shaped spring so that it is held directly on the centerline of the piston. The cap is easily removed to permit access to all of these components. Finally, copper bands are swaged on to each end of the gage body to absorb shock should the gage happen to strike the inside wall of the gun tube when the weapon is fired. 
a.

Operation
After careful assembly, the free end of the piston is sealed with silicone. Normally, two gages are placed in the cartridge case with the charge before loading. The round is then assembled and loaded. When the weapon is fired, the pressure developed in the chamber acts against the free end of the piston which in turn pushes against the copper sphere, plastically deforming it. The gages are retrieved and taken to the lab where they are disassembled and the copper spheres removed. The sphere, which is partially to substantially flattened, depending on pressure, is measured in the direction of the crush. The final height measurement is located on the tarage table and the corresponding pressure read.
C.
Tarage Table   A Due to the effects of temperature change on metals, a temperature correction factor is needed to correct all pressure readings to the 21°C standard. This correction factor is determined by the following procedure. Several gages are allowed to soak at each of the test temperatires of -40°C, -10°C, 21°C and 60''C prior to testing. Then at each temperature the gages are tested against the piezoelectric standard at approximately 50 MPa intervals along the entire operating range of the gage. A plot of "piezo pressure" vs. "crusher pressure" is made for each test temperature and a second order regression curve fitted to those points as shown in Figure 3 . From those curves a table of "pressure" vs. "correction factor" is generated for each temperature as Table 2 . The correction factor, f^, is equal to crusher pressure divided by piezo pressure. The pressure reading obtained from the crushed spheres is then multiplied by the appropriate correction term, depending on temperature, to obtain the corrected or "true" pressure.
III. FINITE ELEMENT STRESS ANALYSIS
The BRLESC Finite Element Program , as modified for BRL's CDC computer, was used to determine variations in the behavior of the M-11 Copper Crusher Gage due to temperature and pressure extremes. This axisymmetric finite element stress analysis program is a version of the SAAS II code^,
A.
Grid and Loading A partial cross section of the M-11 Copper Crusher Gage divided into finite elements, is shown in Figure 4 . The entire exterior of the gage and the free end of the piston were loaded to 550 MPa and subjected to a temperature change from 21°C to -40°C. At the crushing end of the piston an equal and opposing force was applied to account for the sphere's reaction to the pressure. This condition was examined because it represented the worst case as far as precision is concerned in the aforementioned comparison trials. Figure 5 shows the result of the loading The deformed figure [1000% exaggerated for clarity] is superimposed on the outline of the undeformed figure.
B. Response
It was suspected that the high pressure exerted on the gage body was of sufficient magnitude to partially clamp the piston before it was permitted its full travel. Figure 5 shows that this does in fact occur The output was scaled to show overlap as a representation of interference The radial clearances between the piston and bore wall at selected points are listed m Table 3 . These measurements start at the crushing end and proceed toward the anvil end. Since the piston is partially clamped, it cannot transfer all of the pressure to the sphere. Therefore, the crushed sphere would indicate less than true pressure. However, noting the designer tolerances of piston and bore diameters (piston diameter is 3.698 + 0.003 mm (0.1456 ± 0.0001 in.), bore diameter is 3.712 ± 0.004 mm (0.14615 ± 0.00015 in.)), it is possible that many gages may have a small diameter piston and large diameter bore, both within tolerances. This would alleviate the binding in this case and the piston would transmit true pressure. This suggests why several gages can behave differently for the same applied pressure, yielding scattered data and poor repeatability. (Note the scattered data in Figure 2 ). For example, a small piston fitted with a large bore would allow 0.0032 mm (0.000126 in.) additional clearance and allow the gage to function properly. Similar scatter is also found in the temperature correction factor curves shown in Figure 3 . The piston and bore diameters used in the finite element grid shown in Figure 4 were the mean values of the tolerances given.
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From the results of the high temperature tests, it was determined that the temperature affects only the ease or difficulty with which the sphere is crushed (metal strength decreases with an increase in temperature) and not the operation of the gage where extreme pressure is the overwhelming factor. A test performed applying a temperature change of ± 60°C and zero pressure did not significantly change the fifth decimal place digit to the right of the decimal in the piston/bore clearance measurements.
C. Modification
With the aid of the finite element results, it was determined that by shortening the piston and deepening the trepan (see Figure 1 ) the piston was more isolated from the binding effects of the applied pressure and allowed to operate more freely.
It was decided to test the gage at the higher required pressure of 817 MPa since new weapons may generate this pressure. The result is shown in Figure 6 . The elements marked with an "X" are air or have been redesignated as air from steel in the piston. The radial clearances at the nodal points along the piston are listed in Table 4 . Since all clearances are positive the gage is expected to function normally. It was feared that the shortened piston might allow gas intrusion into the gage (pressure blowing by the piston and entering the interior chamber, thus destroying the gage). A test was performed using the finite element program to determine the piston/bore clearances after the piston had actuated. This was accomplished by redesignating the last three sections of the piston as air, simulating an actuated piston (marked by an "X" on the elements in Figure 7] .
Pressure loads were extended to the area of the bore wall left uncovered by the,piston. The results are shown in Figure 8 and clearances tabulated in Table 5 . Note that the clearance at the first two nodal points along the piston indicates a somewhat large gap, but the clearances at the remaining nodal points are within the original clearance boundaries and should seal the gage from blow-by.
As redesigned, the bore length of the trepan is now 1.3 mm (0.05 in ) deeper while the piston is 2.8 mm (0.11 in.) shorter. The relief band on the piston shaft (Figure 1 ) has also been eliminated. Its intended function was to reduce the effects of slight bends in the piston. Since the piston has been shortened, the band was deemed unnecessary because any bending deformation within tolerances are insignificant with the reduced length.
IV. DISCUSSION AND CONCLUSIONS
Modifications to the M-11 Copper Crusher gage have been posed, analyzed and suggested for manufacture to extend the pressure range of this type of gage and to improve the reliability of the gage. Although no testing of the revised gage has been conducted yet, the analyses presented here greatly enhance the confidence of achieving operational success with the modified gage.
The analyses performed incorporate limitations which serve as slim structural safety factors. The SAAS II computer program used for these stress analyses is capable of simulating structural response to quasistatic loads. Some metals offer a reserve strength when experiencing a dynamic load of short duration (3 to 5 milliseconds). Since the M-11 gage behaved satisfactorily under a quasi-static load of 827 MPa it is expected to perform well under dynamic load of the same magnitude. Fatigue effects have not been included.
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